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How olfactory-visual integration, the focus of the pres-United Kingdom
ent study, is mediated in the human brain is not under-
stood. Animal studies indicate that various anatomical
sites receive converging input from both sensory modal-Summary
ities. One potential site is the hippocampus, a structure
that can be accessed directly or indirectly by all sensoryHuman olfactory perception is notoriously unreliable,
modalities (Deadwyler et al., 1987; Small, 2002). Such anbut shows substantial benefits from visual cues, sug-
anatomical arrangement potentially allows it to recruitgesting important crossmodal integration between
multiple sensory features in the service of mnemonicthese primary sensory modalities. We used event-
functions (Wood et al., 1999; Save et al., 2000). Withrelated fMRI to determine the underlying neural mech-
respect to olfaction, the hippocampus is separated byanisms of olfactory-visual integration in the human
as few as three synapses from odor receptor neuronsbrain. Subjects participated in an olfactory detection
in the nasal mucosa, projecting via the olfactory bulbtask, whereby odors and pictures were delivered sepa-
and the entorhinal cortex (Schwerdtfeger et al., 1990),rately or together. By manipulating the degree of se-
and odor-specific waves of rhythmic activity have beenmantic correspondence between odor-picture pairs,
documented in rodent dentate gyrus (Chapman et al.,we show a perceptual olfactory facilitation for seman-
1998; Vanderwolf, 2001). Interestingly, human lesiontically congruent (versus incongruent) trials. This be-
studies have shown that postsurgical epilepsy patientshavioral advantage was associated with enhanced
with damage to hippocampus and adjacent medial tem-neural activity in anterior hippocampus and rostro-
poral structures are profoundly impaired on a variety ofmedial orbitofrontal cortex. We suggest these findings
crossmodal odor tasks, despite preservation of elemen-can be interpreted as indicating that human hippo-
tary olfactory function (Eichenbaum et al., 1983; Esken-campus mediates reactivation of crossmodal seman-
azi et al., 1983). However, such data are always tem-tic associations, even in the absence of explicit mem-
pered by the possibility that remote (extratemporal)ory processing.
neocortical changes could otherwise explain the behav-
ioral deficits in this patient group. Regarding the visualIntroduction
domain, the hippocampus has ready access to visual
information by way of perirhinal and parahippocampalIn a recent wine-tasting study conducted at the Univer-
cortices (Suzuki and Amaral, 1994), and recent findingssity of Bordeaux, 54 enology students provided odor
suggest a direct monosynaptic route from visual associ-descriptions of red and white wines (Morrot et al., 2001).
ation cortex to area CA1 of primate hippocampus (Rock-Prior to the experiment, and without the subjects’ knowl-
land and Van Hoesen, 1999). Human hippocampal neu-edge, a white wine was surreptitiously colored with
rons have also been found in single-unit recordings thatodorless red dye. As a result, subjects consistently de-
respond selectively to different categories of visual stim-scribed the “red” white wine using language typically
uli (Kreiman et al., 2000).
reserved for red wine and avoided the use of white
Another site that may participate in multimodal inte-
wine terms. Thus, in the absence of appropriate visual
gration is the orbitofrontal cortex (OFC). In nonhuman
information, wine odor had minimal impact on olfactory primates, this region has been shown to receive afferent
discrimination, and despite “expertise” among subjects, input from both primary olfactory (piriform) cortex and
the visual contextual cue dominated. visual association areas (Carmichael and Price, 1995),
If nothing else, this report underscores a certain ambi- and individual OFC neurons have been identified in sin-
guity in human olfactory discrimination, even among gle-unit recordings that respond to olfactory and visual
professionals. Psychological research has shown that stimulation either separately or in combination (Rolls
identification of single odors is poor, but improves when and Baylis, 1994). It has been suggested that such a
relevant semantic (e.g., verbal) information is available confluence of sensory streams in OFC could help sub-
(Cain, 1979). Basic aspects of olfactory processing, in- serve higher-order control of flavor perception and feed-
cluding detection thresholds, adaptation rates, and in- ing behavior (Carmichael and Price, 1995). In human
tensity judgments are also strongly modulated by visual, neuroimaging experiments of olfaction, OFC is among
perceptual, and cognitive factors (Zellner and Kautz, the most consistently activated structures (Zatorre et
1990; Dalton, 1996; Dalton et al., 2000; Distel and Hud- al., 1992; Zald and Pardo, 1997; Sobel et al., 2000), and
son, 2001). In turn, odor semantics have been shown to a recent fMRI study of olfactory-visual associative learn-
modulate human event-related potentials evoked by ver- ing highlighted its participation in the establishment of
bal (Lorig et al., 1993) or visual (Grigor et al., 1999; Sarfarazi crossmodal associations between these two stimulus
modalities (Gottfried et al., 2002b).
Finally, it is unclear whether other polysensory areas,*Correspondence: j.gottfried@fil.ion.ucl.ac.uk
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such as intraparietal sulcus (IPS) and superior temporal the “congruent” items were more semantically alike than
the “incongruent” pairs (Figure 2A). Congruency ratingssulcus (STS), mediate olfactory-visual integration. These
regions are typically associated with multimodal interac- were: pleasant congruent, 7.1  0.29; unpleasant con-
gruent, 6.15  0.38; pleasant incongruent, 0.85  0.23;tions between visual, auditory, and somatosensory stim-
uli (Bruce et al., 1981; Hikosaka et al., 1988; Andersen, and unpleasant incongruent, 1.09 0.24 (mean SEM).
There was a significant difference among these scores1997; Duhamel et al., 1998), but a place for olfactory
cues has not been elucidated. While direct inputs from (2  39.2; df  3; p  0.001; Friedman test), and in
post hoc comparisons, the congruent stimuli receivedpiriform cortex to IPS or STS remain unidentified, olfac-
tory projections through areas of OFC and amygdala, significantly higher ratings than the incongruent stimuli
(p  0.01; Wilcoxon Test).which are themselves coupled to IPS and STS (Jones
and Powell, 1970; Mizuno et al., 1982; Amaral and Price, Odor Detection
Olfactory perception was facilitated in the presence of1984; Iwai and Yukie, 1987; Cavada and Goldman-Rakic,
1989; Morecraft et al., 1993; Carmichael and Price, semantically congruent (versus incongruent) pictures.
Analysis of reaction times (RTs) shows that subjects1995), could represent indirect routes for the transmis-
sion of olfactory information. In this regard, recent neu- detected the odors significantly more quickly in the bi-
modal congruent (1427  82 s), compared to both bi-roimaging and magnetoencephalographic studies of hu-
man olfaction, using a variety of different paradigms, modal incongruent (1502 98 s) and unimodal olfactory
(1539  95 s), conditions (mean  SEM) (Figure 2B).elicit activations in STS and parietal cortex (Kettenmann
et al., 1996; Savic et al., 2000; Zatorre et al., 2000; Dade Repeated measures ANOVA revealed a significant main
effect of condition (F1.4,19 9.822; p 0.01; Greenhouse-et al., 2001; Poellinger et al., 2001).
Human imaging studies of multisensory integration Geisser corrected), and in post hoc t tests, the RT differ-
ence between OV-c and OV-i was significant (p  0.05;have chiefly focused on audio-visual (Calvert et al., 2000)
and visuo-tactile (Macaluso et al., 2000) combinations. two-tailed). There was also a significant difference be-
tween OV-c and O (p  0.05), but the comparison be-Among the chemical senses, there have been relatively
few investigations. One fMRI study of gustatory and tween OV-i and O was not significant (p  0.16). Re-
sponses were also significantly more accurate forlingual somatosensory interactions revealed significant
effects in portions of opercular cortex (Cerf-Ducastel et semantically congruent (93.5%  1.9%) than incongru-
ent (88.3% 1.6%) conditions (Figure 2C), when basedal., 2001). In a PET study of flavor processing, Small et
al. (1997) delivered blocks of olfactory and gustatory on subjects’ judgments of odor presence (yes/no). There
was a significant main effect of condition (repeated-inputs separately or together (matched or mismatched)
and demonstrated significant deactivations in areas in- measures ANOVA; F4,56  6.737; p 0.05), and post hoc
tests confirmed that the accuracy differences betweencluding visual cortex, precuneus, basal forebrain, OFC,
and insula. OV-c and OV-i were significant (p  0.05).
Here, we combined event-related fMRI techniques Because each picture item was repeated three times
with an olfactory detection task (Figure 1) to characterize (once each in V, OV-c, and OV-i conditions), it is possible
olfactory-visual integration in the human brain. Odors that item sequence could account for the congruency-
and pictures were presented either independently (uni- specific response gains. For example, if the first presen-
modal) or in combination (bimodal). During bimodal con- tation of a given picture occurred in the unimodal V
ditions, the odor-picture pairs could be either semanti- condition (eliciting a “no odor” response), subjects could
cally related or unrelated. Our paradigm conformed to have learned that subsequent presentations of that pic-
a modified factorial design and enabled us to explore ture (either as OV-c or OV-i) would necessitate a “yes
two different aspects of crossmodal processing. First, odor” response, leading to behavioral enhancement irre-
we tested the formal interaction of odors and pictures spective of semantic congruency effects. To rule this
to highlight bimodal responses exceeding the mere sum out, the picture-specific RTs for each OV-c trial were
of unimodal responses. This approach identified brain divided into events occurring either before or after its
regions showing bimodal response enhancement, a appearance in the unimodal V condition, collapsed
general property of multisensory neurons (Stein and across subjects. We then tested for differences in post-V
Meredith, 1993) that has been recently demonstrated in bimodal versus pre-V bimodal responses but failed to
fMRI studies of audio-visual integration (Calvert et al., show any effect of item sequence (p  0.30; two-tailed
2000). Second, the manipulation of semantic correspon- paired t test). Moreover, by comparing subject-specific
dence between odor-picture pairs allowed us to identify RTs (for the OV-c condition) between the first and sec-
mechanisms mediating visual semantic modulation of ond halves of the experiment, we discounted the possi-
olfactory perception. On the basis of the anatomical and bility that bimodal congruent responses were signifi-
behavioral considerations outlined above, we hypothe- cantly faster in later parts of the study (p  0.17).
sized that regions of OFC and hippocampus would par- Respiratory Measurements
ticipate in crossmodal processing and exhibit sensitivity Subject-specific sniff peak amplitudes were averaged
to semantic variations between odors and pictures. over each condition and normalized to the baseline to
permit group analysis. There was a significant main ef-
Results fect of condition (F4,52  14.879; p  0.01; repeated
measures ANOVA), and pairwise t tests revealed that
sniff amplitudes were significantly larger by 7%–11% inBehavioral Data
Congruency Ratings the odor-absent conditions (V and Bas.) compared to
the odor-present conditions (O, OV-c, and OV-i) (all p In post hoc ratings of perceived semantic congruency
between odor-picture pairs (0 to10), subjects reported 0.01). This finding is compatible with the idea that sub-
Crossmodal Visual Facilitation of Human Olfaction
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Figure 1. Experimental Task and Paradigm
(A) In this example of a bimodal congruent trial, a 1 s preparatory cue (yellow cross-hair) heralded the simultaneous delivery of a matching
picture and odor. Subjects sniffed for the 850 ms duration of the sniff cue (green cross-hair), which overlapped stimulus presentation, then
indicated as quickly and as accurately as possible whether an odor was present (“yes”) or absent (“no”).
(B) The five different condition types included unimodal olfactory (O), unimodal visual (V), bimodal congruent (OV-c), bimodal incongruent
(OV-i), and a low-level baseline without odor or picture (Bas.).
(C) The experiment conformed to a 2  2  2 modified factorial design (odor  picture  valence), in which bimodal conditions were assorted
into semantically congruent and incongruent conditions.
jects sniffed more deeply in the absence of odor, in order 3B and 3C), each of which closely overlapped areas
identified in prior studies of human olfactory processingto be certain that odor had not been delivered. However,
there were no significant differences between odor- (Zald and Pardo, 1997; Sobel et al., 2000; Royet et al.,
2000; Gottfried et al., 2002a).absent conditions, nor between odor-present condi-
tions. Importantly, for the two critical imaging analyses In addition, valence effects were examined. A two-way
interaction of olfaction valence, effectively comparing(odorpicture interaction, and congruent-incongruent),
there were no significant differences in either sniff peak the main effects of unpleasant and pleasant olfaction,
revealed significant activity in left anterior piriform cor-amplitude (p  0.19) or sniff latency (time-to-peak) (p 
0.12). tex (Table 1). This response reflected greater differential
activation by the “unpleasant” O and OV conditions in
a region adjacent to anterior piriform regions previouslyNeuroimaging Data
Olfactory Stimulation associated with unpleasant odor valence (Gottfried et
al., 2002a), lending further support to the idea of func-We first evaluated the main effect of olfaction (i.e., [O 
OV]  [V  Bas.]), collapsed across congruency. This tional heterogeneity within human piriform cortex. Fi-
nally, in the simple effect of unimodal pleasant odorcontrast highlights regions preferentially sensitive to ol-
factory stimulation. Note that the inclusion of the low- (pleasant O  Bas.), activations were identified in right
medial OFC (18, 27,15; Z 3.98; p 0.05 SVC), whichlevel baseline condition (Bas.) ensures an appropriately
balanced contrast. Significant activation was identified has been described in other imaging studies of pleasant
odor (Gottfried et al., 2002a; Anderson et al., 2003),in right posterior piriform cortex (x, y, z coordinates: 27,
3, 27; Z  5.19; p  0.05, corrected for whole-brain though OFC responses were not detected in a similar
contrast of the unpleasant odor. In this latter circum-volume) (Figure 3A), which extended into peri-insular
cortex anteriorly and amygdala and entorhinal cortex stance, with only 16 presentations of each condition, it
is possible that there was insufficient statistical powerposteriorly. Temporal piriform activation on the left (27,
6, 33; Z  3.40; p  0.05, corrected for small-volume to detect differential simple effects of odor valence.
Multisensory Olfactory-Visual Interactions[SVC]) was contiguous with periamygdaloid cortex.
Odor-specific responses were also detected in bilateral We next examined for regions preferentially responsive
to a combination of olfactory-visual input. The crossmo-centroposterior OFC and left amygdala (Table 1; Figures
Neuron
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Figure 3. Brain Activations Evoked by Olfactory Stimulation
The main effect of olfaction was associated with significant neuralFigure 2. Behavioral Results
activity in (A) primary olfactory (piriform) cortex (x  21, y  3,(A) Subjects rated the bimodal congruent stimuli to be more semanti-
z24), (B) centroposterior OFC (21, 30,21), and (C) amygdalacally alike than odor-matched incongruent stimuli (means  SEM),
(21, 6, 24). The SPMs are superimposed on coronal sectionsfor each valence level.
of the averaged, normalized T1-weighted scan (n  15 subjects)(B) Mean reaction times (SEM) were significantly faster when odors
and thresholded at p  0.001. In this and all subsequent figures,appeared with semantically congruent pictures (OV-c), in compari-
the right side of the images corresponds to the right side of theson to semantically incongruent pictures (OV-i), or when presented
brain (“neurological” convention). The condition-specific parameteralone (O); *p  0.05 (two-tailed paired t test).
estimates (betas) from these regions were averaged across subjects(C) Mean response accuracy was significantly higher in the congru-
and shown in adjacent plots, illustrating greater activation in odor-ent, compared to the incongruent, condition; *p  0.05.
present (OV and O) than in odor-absent (V and Bas.) conditions
(means  SEM).
dal interaction of olfaction  vision, or [OV  Bas.] 
([O  Bas.]  [V  Bas.]), was used to identify bimodal in the main effect of vision, p  0.001) as well as an
area sensitive to combined olfactory-visual presenta-activity exceeding the sum of unimodal responses. Re-
sponse enhancements of this sort have previously been tions, with responses to OV being augmented over and
above those seen in a simple addition of O and V (base-described in animal (Stein and Meredith, 1993) and hu-
man (Calvert et al., 2000) studies of multisensory integra- line adjusted). Additional activations were seen in STS
and posterior cingulate cortex (Table 2).tion involving nonolfactory stimuli. In this contrast, signifi-
cant enhanced activity was observed in left rostromedial Note that by collapsing across congruency, we made
no assumptions that the odor picture interaction nec-OFC (15, 39,15; Z 3.18; p 0.059 SVC). Parameter
estimate plots established that the interaction reflected essarily depended on semantic features, but simply on
temporal synchrony of their presentation. Indeed, ingreater differential responses to bimodal OV compared
to the unimodal O plus V conditions, when adjusted for many animal studies of crossmodal integration, it is spa-
tial or temporal correspondence that dictates multisen-the common baseline (Bas.) activity (Figure 4A). En-
hanced responses were also observed in the depths of sory response enhancement, not semantic attributes
(Stein and Meredith, 1993). There are also examples inthe posterior IPS, just medial to the transverse occipital
sulcus (Figure 4B). Here, the parameter estimates show the human neuroimaging literature indicating that tem-
poral factors are critical to crossmodal processingthat posterior IPS is a visually responsive region (evident
Crossmodal Visual Facilitation of Human Olfaction
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Table 1. Regions Activated by Olfactory Stimulation
MNI Coordinates (mm)
Brain Region x y z Peak Z p value
Main effect of olfaction
Right piriform cortex 27 3 27 5.19 p  0.05a
Left piriform cortex 27 6 33 3.40 p  0.05b
Right centroposterior OFC 30 36 15 3.96 p  0.05b
27 33 21 3.89 p  0.05b
Left centroposterior OFC 30 36 18 3.68 p  0.05b
21 30 21 3.27 p  0.05b
Left amygdala 21 6 24 3.60 p  0.05b
Left insula 36 3 15 3.55 p  0.001
39 6 15 3.20 p  0.001
Right insula 36 9 21 3.43 p  0.001
Left anterior cingulate cortex 9 21 45 3.45 p  0.001
Two-way interaction of olfaction  valence (unpleasant  pleasant)
Left anterior piriform cortex 18 9 21 3.47 p  0.001
a Corrected for whole-brain volume.
b Corrected for multiple comparisons across a small volume of interest.
(Bushara et al., 2001; Calvert et al., 2001). Nevertheless, above (collapsed) interaction, this analysis revealed a
very similar pattern of activations in rostromedial OFCin our study it is possible that integration might occur
(15, 39, 15; Z  3.42; p  0.05 SVC), posterior IPSto a greater extent for the bimodal congruent condition.
(36, 78, 18; Z  3.82; and 24, 81, 21; Z  3.30;Consequently, we reexamined the odor  picture inter-
p  0.001 uncorrected), and STS (66, 42, 6; Z  3.33;action by exchanging OV-c for OV. Compared to the
p  0.001 uncorrected) (Table 2). In contrast, by substi-
tuting the bimodal incongruent (OV-i) condition into the
interaction, neural activity was also detected in IPS
(24,81, 21; Z 3.42; p 0.001 uncorrected), as well
as in posterior cingulate cortex (9, 24, 36; Z  3.62;
p  0.001 uncorrected), but not in OFC (at a liberal
threshold of p  0.01). These results demonstrate that
the odor  picture interaction in OFC is driven more by
semantically congruent items, a finding in accord with
an analysis directly comparing OV-c to OV-i (see below).
On the other hand, both congruent and incongruent
interactions activated IPS, suggesting this region is rela-
tively insensitive to semantic effects.
Crossmodal Semantic Congruency
The behavioral results showed that olfactory detection
was facilitated in the presence of semantically related
(versus unrelated) visual cues. A key objective of the
experiment was to determine the underlying mecha-
nisms of this crossmodal facilitation by comparing bi-
modal congruent and incongruent conditions. The con-
trast [OV-c] – [OV-i] identified significant activation in
left anterior hippocampus (27,12,24; Z 4.26; p
0.05 SVC) (Table 3; Figure 5A). Activity in right anterior
hippocampus was evident at reduced threshold (21,12,
21; Z  2.56; p  0.005 uncorrected). Significant con-
gruency-evoked responses were also observed in left
rostromedial OFC (3, 39,18; Z 3.72;12, 42,18;
Z  3.60; both p  0.05 SVC) (Figure 5B). These peakFigure 4. Brain Activations Evoked by the Interaction of Odors and
responses were not modulated by valence, even whenPictures
evaluated at a lower threshold (p  0.05 uncorrected).(A) Significant activity was observed in left rostromedial OFC (15,
We note that the activations were discretely localized39, 15). The SPM is superimposed on the averaged T1-weighted
coronal scan (threshold, p 0.001). Plots of the parameter estimates to orbitofrontal cortex and did not extend dorsolaterally
show that bimodal responses to OV are higher than the unimodal into left inferior frontal gyrus (including Brodman area
sum of O V, when adjusted for the common baseline (Bas.) activity. 47), regions commonly engaged in semantic processing
(B) The interaction also highlighted responses in posterior IPS
of lexical and pictorial material (Thompson-Schill et al.,(27, 81, 18). The corresponding parameter estimates are repre-
1997; Poldrack et al., 1999).sentative of multisensory response enhancement, which partially
The influence of semantic congruency was also exam-reflects nonsignificant response deactivation to the unimodal olfac-
tory condition. ined using a parametric model, which tested for brain
Neuron
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Table 2. Regions Activated by the Interaction of Odors and Pictures
MNI Coordinates (mm)
Brain Region x y z Peak Z p value
Main interaction of olfaction  vision (collapsed across congruency)
Left rostromedial OFC 15 39 15 3.18 p 0.059a
Left posterior IPS 27 81 18 4.10 p  0.001
Right posterior IPS 33 69 24 3.18 p  0.001
Left posterior cingulate cortex 9 24 36 3.27 p  0.001
Right STS 66 42 6 3.26 p  0.001
Interaction of olfaction  vision (bimodal congruent condition only)
Left rostromedial OFC 15 39 15 3.42 p  0.05a
Left posterior IPS 36 78 18 3.82 p  0.001
24 81 21 3.30 p  0.001
Right STS 66 42 6 3.33 p  0.001
Interaction of olfaction  vision (bimodal incongruent condition only)
Left posterior cingulate cortex 9 24 36 3.62 p  0.001
Left posterior IPS 24 81 21 3.42 p  0.001
a Corrected for multiple comparisons across a small volume of interest.
activations showing a linear correlation with each sub- when odors appeared in the context of semantically
congruent visual cues (Figure 2). By contrasting congru-ject’s own post hoc congruency ratings. In this manner,
ent and incongruent bimodal conditions, we identifiedwe eliminated any assumptions about the degree of
the substrates of this behavioral effect, evident in asemantic congruency between odor and picture stimuli.
congruency-specific activity in anterior hippocampusThis less-constrained method revealed significant ef-
and rostromedial OFC (Figure 5). Interestingly, whilefects in anterior hippocampus (27,12,27; Z 4.01;
OFC is a consistent target of olfactory activation in hu-p  0.05 SVC) and rostromedial OFC (9, 42, 24; Z 
man neuroimaging studies (Zatorre et al., 1992; Zald3.92; p  0.05 SVC; and 3, 36, 21; Z  3.18; p 
and Pardo, 1997; Yousem et al., 1997), neural responses0.001 uncorrected), reflecting increased neural re-
in hippocampus have been detected less commonlysponses with subjectively higher ratings of semantic
(Small et al., 1997; Sobel et al., 2000; Poellinger et al.,congruency (Figure 6). Of note, these activations closely
2001). The effects we describe cannot be attributed tooverlapped the peak responses identified in the primary
differences in stimulus features, since the identities ofcongruency model (Table 3). In particular, by masking
odors and pictures were matched across congruent andthe activations with the contrast of [OV-c]  [OV-i]
incongruent conditions. Neither can the effects be con-
(thresholded at p  0.001), we confirmed that the para-
founded by odor valence or edibility, since the results
metrically modulated responses observed in hippocam- were seen over a range of pleasant/unpleasant and
pus (27,12,27) and OFC (3, 36,21) were within food/nonfood odors. Moreover, these findings were ob-
the same regions evident in the main effect of con- served in the absence of significant differences in sniff
gruency. patterns. Indeed, the robustness of these activations
was particularly evident in a related parametric model,
which revealed similar patterns when the subjects’ own
Discussion post hoc congruency ratings were used to model the
evoked hemodynamic response (Figure 6).
The aim of this study was to characterize mechanisms The behavioral findings show that mere presentation
underlying visual modulation of olfactory perception. of a visual cue is insufficient to facilitate olfactory per-
Using a low-level odor detection task, we demonstrated ception. Instead, the effect critically relies on access to
semantically concordant information, as exemplified inthat olfactory detection was faster and more accurate
Table 3. Regions Activated by Semantic Congruency
MNI Coordinates (mm)
Brain Region x y z Peak Z p value
Congruent  incongruent
Left anterior hippocampus 27 12 24 4.26 p  0.05a
Left rostromedial OFC 3 39 18 3.72 p  0.05a
12 42 18 3.60 p  0.05a
Increasing semantic congruency (parametrically modulated by ratings)
Left anterior hippocampus 27 12 27 4.01 p  0.05a
Right rostromedial OFC 9 42 24 3.92 p  0.05a
Left rostromedial OFC 3 36 21 3.18 p  0.001
a Corrected for multiple comparisons across a small volume of interest.
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Figure 5. Brain Activations Evoked by Cross-
modal Semantic Congruency
(A) Significant areas of activity were seen in
left anterior hippocampus. The SPM is over-
laid on coronal and sagittal sections of the
averaged T1-weighted anatomical scan (p 
0.001).
(B) Activations were also observed in rostro-
medial OFC and are superimposed on coro-
nal and horizontal sections of the T1-
weighted image (p  0.001).
(C and D) The beta values derived from the
contrast of (OV-c OV-i) are plotted for each
subject in (C) hippocampus and (D) OFC. The
mean values are indicated by short horizontal
bars.
the congruent versus incongruent distinction. To this of converging sensory inputs from entorhinal, perirhinal,
and parahippocampal cortices, the hippocampus is es-end, the congruency-evoked hippocampal responses
can be interpreted as mediating retrieval or reactivation pecially suited to record and retrieve complex (e.g.,
crossmodal) associations. We also note that patientsof semantic associations between odors and pictures.
Existing evidence implicates the hippocampal system with relatively selective hippocampal injury are specifi-
cally impaired on tests of associative crossmodal recog-in associative or relational processing between multiple
sensory information sources (Eichenbaum et al., 1996; nition, including face-voice, object-place, and picture-
name associations, despite normal (within-modal) itemMishkin et al., 1997; Schacter and Wagner, 1999; Brown
and Aggleton, 2001). The “binding” together of crossmo- recognition (Vargha-Khadem et al., 1997; Mayes et al.,
1999). Moreover, human imaging studies of associativedal stimuli across disparate brain regions would reflect
one such instantiation of this process, a proposal com- (crossmodal) recognition memory consistently show
significant activation in hippocampal areas (Gabrieli etpatible with anatomical considerations of hippocampal
organization (Jones and Powell, 1970; Van Hoesen and al., 1997; Stark and Squire, 2000; Sperling et al., 2001)
similar in location to those described here.Pandya, 1975; Mishkin et al., 1997). As the final recipient
Figure 6. Brain Activations Correlating with Subjective Ratings of Semantic Congruency
(A and B) Neural activations in (A) anterior hippocampus and (B) rostromedial OFC were sensitive to the perceived degree of semantic
congruency between odor-picture pairs. The SPMs are shown on coronal sections of the averaged anatomical image (p  0.001).
(C and D) Parametric plots of the data were assembled from four representative subjects and illustrate that the percent (fitted) signal change
increased with higher subjective ratings of perceived congruency in (C) hippocampus and (D) OFC.
Neuron
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It is important to reiterate that the correlation between response enhancements in rostromedial OFC (see
hippocampal activity and perceived semantic congruency above) and posterior IPS (Figure 4). This activation pro-
occurred during a low-level odor detection task. Specifi- file may reflect the hemodynamic analog of multisensory
cally, subjects were not asked to make explicit semantic integration at the cellular level, as originally demon-
or mnemonic judgments. This implies that hippocampal- strated in cat superior collicular neurons exposed to
mediated reactivation of olfactory-visual semantic asso- visual, auditory, and tactile stimuli (Stein and Meredith,
ciations was obligatory, not requiring the engagement 1993). Recently, the phenomenon has been extended
of intentional memory. One question raised by the findings to human imaging studies of audio-visual integration
is whether semantic congruency effects could reflect other (Calvert et al., 2000). Our findings show that this re-
nonassociative functions, such as detection of semantic sponse pattern is applicable to chemosensory modalities
novelty (Tulving et al., 1996) or disambiguation of odor in the human brain and imply that heteromodal sites in
events (Levy, 1996). For example, rodent lesion studies IPS and STS, long classified in nonolfactory terms, may
show that the hippocampal formation may disambiguate be tuned to a wider sensory spectrum. Potential roles
complex odor sequences, particularly when high de- for olfactory-visual integration in IPS might be to en-
grees of interference are present (Agster et al., 2002). hance odor source localization or to help orient attention
Regardless of the actual mechanism, it is evident from toward a particular odor. While direct olfactory-parietal
numerous imaging studies that both perceptual salience projections have not been described, the manifestation
and semantic elaboration, in the absence of overt mem- of olfactory neglect in patients with right parietal lobe
ory tasks, can engage the anterior hippocampus (Van- damage (Bellas et al., 1988) concurs with the notion
denberghe et al., 1996; Dolan and Fletcher, 1997; Martin that representations of odor space might depend on the
et al., 1997; Henke et al., 1999; Strange et al., 1999). Our function of these regions. Alternatively, we note that
findings extend these principles to the olfactory domain activations in posterior parietal cortex and OFC have
and provide evidence that human hippocampal function been elicited in recent PET studies of odor recognition
is not restricted to intentional memory processes but memory (Savic et al., 2000) and working memory (Dade
also supports relatively automatic retrieval of semantic et al., 2001), raising the possibility that, in our study,
associations. coincidental olfactory and visual inputs trigger active
Within orbitofrontal regions, we observed functionally mnemonic processes. Future studies that focus on more
dissociable patterns of activity that varied with the con- explicit memory tasks will ultimately be required to test
trasts of interest. Centroposterior OFC activation in the this hypothesis.
main effect of olfactory stimulation (Figure 3) closely A central prediction arising from studies of multisen-
overlaps OFC areas identified in previous fMRI studies sory integration states that measures of performance
of low-level odor processing (Zatorre et al., 1992; or behavior should be enhanced, particularly when a
Yousem et al., 1997; Sobel et al., 1998; Gottfried et stimulus in one modality is ambiguous or underdeter-
al., 2002a). This region likely corresponds to secondary mined (Stein and Meredith, 1993). Among the human
olfactory cortex documented in nonhuman primates senses, olfaction may qualify as one of the more indeter-
(Yarita et al., 1980; Carmichael et al., 1994) and may minate. Indeed, in the wake of a fleeting odor, trying to
participate in elementary odor computations. In con- decide “What was that smell?” or “Where did that smell
trast, both the odor  picture interaction (Figure 4) and come from?” can be insoluble without a relevant sen-
the direct effect of semantic congruency (Figure 5) acti- sory, especially visual, cue. We provide behavioral con-
vated more medial and rostral OFC zones at least 1.5 firmation of this for the visual domain and show that
cm away from “olfactory” OFC and adjacent to areas crossmodal facilitation of olfactory perception engages
engaged in olfactory-visual associative conditioning hippocampus and OFC. The dependence of effective
(Gottfried et al., 2002b). This suggests that by accessing olfactory processing on vision goes some way to explain
relevant semantic information, rostral OFC may contrib-
why the perception of smells, even the apparent telltale
ute to resolving ambiguity in odor perception and per-
bouquet of a red Bordeaux, would appear to need the
haps bias selection of appropriate behavioral strategies,
eye of the beholder.in keeping with its ascribed role in animal models of
olfactory learning (Rolls et al., 1996; Gallagher et al., Experimental Procedures
1999; Schoenbaum et al., 1999). Moreover, the orbito-
frontal axis of specialization described here (caudal/ Subjects
Informed consent was obtained from 17 healthy, right-handed sub-rostral) broadly conforms to the topography of primate
jects (13 women; age range, 22–34 years). Due to poor behavioralOFC. In this scheme, unimodal sensory afferents termi-
performance, 2 subjects (1 woman) were excluded. The experimentnating in posterior OFC give rise to projections that
was conducted with approval from the joint National Hospital of
converge upon more anteromedial territories (Carmi- Neurology and Neurosurgery/Institute of Neurology Ethics Com-
chael and Price, 1996; Ongur and Price, 2000), thereby mittee.
permitting a synthesis of multimodal information. Our
results suggest that similar patterns of regional segrega- Stimuli
Olfactory stimuli consisted of four pleasant and four unpleasanttion are preserved in human OFC. In combination with
odors, comprising a total of eight distinct semantic categories. Twoour previous findings regarding olfactory conditioning
food and two nonfood odors were included within each hedonic(Gottfried et al., 2002b), the present data provide evi-
class. The pleasant odors were: vanillin (10% w/v in propylene gly-
dence that rostromedial OFC supports a wide variety col; Sigma-Aldrich, Dorset, UK); sweet orange essential oil (undi-
of higher order olfactory computations, including those luted; Absolute Aromas, Alton, UK); rose maroc essential oil (5% v/v
that sustain olfactory-visual integration. in coconut oil base; Aqua Oleum, Stroud, UK); and pine needle
essential oil (50% v/v in mineral oil; Aqua Oleum). The unpleasantIn the odorpicture interaction, we observed bimodal
Crossmodal Visual Facilitation of Human Olfaction
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odors were: sour cheese (liquid extract of blue cheese; mixed with town, NJ). Resulting waveforms were sampled at 100 Hz, recorded
on computer using Spike2 software (version 3.16, Cambridge Elec-1% v/v 4-methylpentanoic acid, Sigma-Aldrich); rancid fish (mack-
erel brine; John West, Liverpool, UK; mixed with 0.1% v/v pyridine, tronic Design Ltd., Cambridge, UK), and analyzed off-line in Matlab
6.0 (The Mathworks Inc.). Finally, at the completion of the experi-Sigma-Aldrich); sulfur smoke (ammonium sulfide, 0.2% v/v in dis-
tilled water; Sigma-Aldrich); and paraffin oil (undiluted). Odors were ment, post hoc ratings of perceived semantic congruency between
each odor and the eight paired pictures were obtained (0  “totallypresented using an MRI-compatible, eight-channel computer-con-
trolled olfactometer, capable of rapid delivery of discrete odor dissimilar”; 10  “extremely similar”) from each subject. Post hoc
ratings of odor valence (10, extremely unpleasant;10, extremelypulses in the absence of tactile, thermal, or auditory variation (Gott-
fried et al., 2002a). pleasant) were also collected. Statistical analysis was performed
using SPSS for Windows (version 8.0, SPSS Inc., Chicago, IL).Visual stimuli consisted of 32 high-resolution color images of ev-
eryday objects. For each of the eight odors, four different pictures
were selected on the basis of shared semantic attributes. For exam-
Image Acquisition and Analysisple, pictures of ice cream, cookies, cake, and chocolate were chosen
Gradient echo, T2*-weighted echoplanar images (EPI) with blood-because of their semantic similarity to vanillin odor. When projected
oxygen level-dependent (BOLD) contrast were acquired on a 2Tinto the scanner, the pictures were approximately 4.5 cm wide  3
Siemens Vision MRI scanner (Erlangen, Germany), using a combina-cm high and subtended visual angles of 6	  4	. Both olfactory and
tion of image tilting and z-shimming that reduces signal dropout invisual stimuli were delivered using Cogent 2000 software (Wellcome
basal frontal and medial temporal regions (Deichmann and Turner,Dept. of Imaging Neuroscience, London, UK), implemented in Mat-
2002; Gottfried et al., 2002a). EPI datasets with whole-brain cover-lab 6.0 (The Mathworks, Inc., Natick, MA).
age (39 slices; 2.2 mm slice thickness; 1.5 mm gap) were collected
continuously every 2.73 s in an oblique orientation 30	 to the anterior
Task commissure-posterior commissure line (rostral  caudal), with the
Subjects participated in an olfactory detection task requiring them following parameters: echo time, 35 ms; field-of-view, 192 mm; in-
to decide whether they smelled an odor or not. The start of each plane resolution, 3.0 mm. A total of 528 volumes was acquired, minus
trial (t  0) began with a 1000 ms warning cue (yellow cross-hair), 5 “dummy” volumes to permit T1 equilibration. Image preprocessing
which alerted the subjects to pause their breathing and prepare to (SPM99; Wellcome Dept., London, UK) included realignment, slice-
sniff (Figure 1A). This was followed by an 850 ms sniff cue (green time correction, spatial normalization, and smoothing with an 8 mm
cross-hair), and subjects sniffed for the duration of the cue. Simulta- (full-width half-maximum) Gaussian kernel to permit analysis at the
neously, an odor (unimodal olfactory, “O”), picture (unimodal visual, group level (Friston et al., 1995a). Anatomical T1-weighted scans
“V”), both odor and picture (bimodal, “OV”), or neither odor nor (1 mm in-plane resolution) were also collected and coregistered to
picture (low-level baseline, “Bas.”) were delivered (Figure 1B). Odor- each subject’s mean functional EPI to produce a group-averaged
picture combinations could be semantically congruent (“OV-c”) or structural image.
incongruent (“OV-i”). Note that a sniff was made on every trial, The event-related fMRI data was analyzed in SPM99 using the
regardless of odor presence. Subjects used a push-button to indi- general linear model (Friston et al., 1995b). Ten regressors of inter-
cate odor presence (“yes”) or absence (“no”), and they were in- est, corresponding to the onset times for the ten different conditions,
structed to respond as quickly and as accurately as possible. were convolved with a canonical hemodynamic response function
(HRF) and its temporal derivative. Subject-specific movement pa-
Experiment rameters and a high-pass filter (cut-off, 120 s) were included. The
The experimental paradigm conformed to a modified 2  2  2 parameter estimates (betas) for each regressor were calculated for
factorial design (Figure 1C). The three within-subject factors were all brain voxels, and relevant contrasts of parameter estimates were
(1) odor (presence/absence); (2) picture (presence/absence); and (3) computed. The contrast images for all subjects were then entered
valence (pleasant/unpleasant). Because the bimodal events were into a series of one-sample t tests, each constituting an SPM{T}.
congruent or incongruent, ten different conditions were specified This procedure permitted statistical inference at the population level
(pleasant and unpleasant O, V, OV-c, OV-i, Bas.). The baseline (Bas.) (random-effects analysis).
events were randomly split into “pleasant” and “unpleasant” catego- We examined three principal contrasts. (1) The main effect of
ries to maintain orthogonality within the factorial design, but were olfaction. This tested for regions preferentially activated by olfactory
otherwise identical. The visual stimuli were neutrally valenced, but stimulation and served as an internal quality check that the paradigm
were designated pleasant and unpleasant, since the pleasant pic- could reliably elicit odor-evoked responses in predicted areas. (2)
tures never appeared with unpleasant odors, and vice versa. This The interaction of olfaction  vision. This follows from the use of a
ensured that, for a given valence, the only differences between factorial experimental design and highlights regions showing in-
congruent and incongruent conditions were semantic (and not stim- creased activity in the bimodal condition (OV) that exceeds the mere
ulus) attributes. sum of unimodal inputs (O  V). In estimating the interaction, the
Trials occurred on average every 8 s (1.36 s jitter), for a total of low-level baseline condition (Bas.) was subtracted from each of the
160 trials (16 trials  10 conditions). Along with 32 randomly dis- constituents, which is critical to a fully balanced design. This results
persed “null” events (4 s), the experimental duration was approxi- in the contrast: (OV  Bas.)  ([O  Bas.]  [V  Bas]). Note this
mately 1400 s. Each odor occurred four times each in the O, OV-c, technique is identical to that used by Calvert et al. (2000) in their
and OV-i conditions. Each picture occurred once each in the V, OV-c, study of audio-visual crossmodal integration, wherein the interac-
and OV-i conditions. Thus, 32 unique OV-c events and 32 unique tion was computed by subtracting a “rest” baseline from each condi-
OV-i events were presented during the experiment. Event order was tion AV, A, and V: (AV  rest)  ([A  rest]  [V  rest]). We
fully randomized, except for the following constraints, in order to also emphasize that, when rearranged, the term is mathematically
minimize the effects of odor habituation and stimulus repetition: (1) identical to (OV  V)  (O  Bas.), the difference between the two
per each 1/4 of the experiment, the eight odors occurred only once simple effects (see Friston et al., 1996). This illustrates the meaning
each in the O, OV-c, and OV-i conditions; and (2) per each 1/4 of the interaction in the sense that we are testing for regions that
experiment, the picture presentations were organized such that the respond to olfactory stimulation in the presence of pictures (i.e.,
eight semantic categories occurred only once each in the V and OV  V) that is over and above the response in the absence of
OV-c conditions. pictures (i.e., OBas.). (3) The direct effect of semantic congruency.
The contrast of (OV-c  OV-i) was used to reveal areas responsive
to shared semantic attributes between odors and pictures.Behavioral Measurements
Reaction times (RTs) and odor-detection accuracy were measured In a separate parametric model, the effect of subjective congru-
ency was explicitly tested. This resembled the primary model, ex-from all subjects and averaged across each condition type. Respira-
tory data was also collected on-line from 14 subjects (Gottfried et cept that we created “congruency” regressors (one for each valence
level) by entering the post hoc congruency ratings for every bimodalal., 2002a). A pair of breathing belts (Siemens, Erlangen, Germany)
were fastened around the chest and abdomen of each subject and odor-picture pair (32 pleasant, 32 unpleasant) as linear parametric
modulators of the hemodynamic time series. Thus, the main effectcoupled to a differential pressure sensor (0–1 psi; Honeywell, Morris-
Neuron
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(1) of the parametric columns tested for regional activations corre- from functional magnetic resonance imaging of crossmodal binding
in the human heteromodal cortex. Curr. Biol. 10, 649–657.lating with subjects’ own ratings of semantic congruency. It is impor-
tant to note that because these ratings were collected at the end Calvert, G.A., Hansen, P.C., Iversen, S.D., and Brammer, M.J. (2001).
of the experiment, their use as correlative regressors may not have Detection of audio-visual integration sites in humans by application
completely captured the subjects’ “on-line” experiences during the of electrophysiological criteria to the BOLD effect. Neuroimage 14,
actual task. However, we chose not to obtain congruency ratings 427–438.
during the experiment, in order to keep the task constant across all Carmichael, S.T., and Price, J.L. (1995). Sensory and premotor con-
conditions and maintain a uniform mental set, and also to minimize nections of the orbital and medial prefrontal cortex of macaque
top-down cognitive mechanisms that can influence human olfactory monkeys. J. Comp. Neurol. 363, 642–664.
processing (Zatorre et al., 2000).
Carmichael, S.T., and Price, J.L. (1996). Connectional networksActivations are reported that survive a threshold of p  0.05 cor-
within the orbital and medial prefrontal cortex of macaque monkeys.rected for multiple comparisons, either across whole-brain volume,
J. Comp. Neurol. 371, 179–207.where appropriate, or using spheres of 8–10 mm radius to define
Carmichael, S.T., Clugnet, M.C., and Price, J.L. (1994). Central olfac-small volumes of interest (Worsley et al., 1996). These were centered
tory connections in the macaque monkey. J. Comp. Neurol. 346,at coordinates derived from previous studies of olfactory (Gottfried
403–434.et al., 2002a) and semantic (Strange et al., 1999) processing. For
descriptive purposes, we report any additional activations in a priori Cavada, C., and Goldman-Rakic, P.S. (1989). Posterior parietal cor-
brain regions at p 0.001 uncorrected. Peak maxima are presented tex in rhesus monkey. II. Evidence for segregated corticocortical
in MNI (Montreal Neurological Institute) coordinate space. For the networks linking sensory and limbic areas with the frontal lobe. J.
contrasts of principal interest (main effect of olfaction, interaction Comp. Neurol. 287, 422–445.
of olfaction vision, congruent minus incongruent), we only consid- Cerf-Ducastel, B., Van de Moortele, P.F., MacLeod, P., Le Bihan,
ered peak activations that did not show an interaction with valence D., and Faurion, A. (2001). Interaction of gustatory and lingual so-
(at p  0.05 uncorrected), except where specifically indicated. This matosensory perceptions at the cortical level in the human: a func-
constraint further controlled Type I error and ensured the primary tional magnetic resonance imaging study. Chem. Senses 26,
contrasts were not driven by valence differences. 371–383.
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